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The simultaneous cultivation of different crops on the same field has been an important aspect of 
agriculture for millennia, but the modern industrial system, with a heavy focus on inputs and 
monocultures, has marginalized it. The North China Plain (NCP) in eastern Asia produces some 
one fifth of China’s food, and this marginalization is being witnessed there on a massive scale 
today. Due to labor migration for higher wages to urban areas like Beijing, traditional 
intercropping in the NCP is endangered, as it requires significant manual labor. In this study, we 
experiment with varying maize cultivars, as well as different strip width arrangements in a 
monocrop setup, in order to theoretically study how the rows of maize plants would modify the 
microclimate of a neighboring vegetable crop. Locally important vegetable crops in the NCP 
include bush bean (Phaseolus vulgaris L.) and Chinese cabbage (Brassica campestris L. ssp. 
pekinensis). Knowing the physiological adaptations of the neighboring plant to a modified 
microclimate from the growth of the maize plants allows us to model the vegetable plant 
response in terms of biomass yields. We find that the Amagrano cultivar has the best 
performance for a number of parameters, but that Amagrano also has the tallest plant height and 
the second-highest leaf area index (LAI), meaning it would transmit comparatively less radiation 
to a neighboring crop. Researchers need to recognize that the strong above-ground competition 
for light in strip-intercropping systems must be minimized by using maize cultivars with 
different morphologies (e.g. reduced plant height, more erect leaves) and by reducing the maize 
strip width. We conclude that the use of prolific maize hybrid varieties should be considered 
when designing strip intercropping systems to increase the crop yield in the border rows, 
especially in high solar radiation conditions like the NCP. Improvement of plant growth 
modeling is essential to better understand temporal and spatial plant competition, thereby 
optimizing the systems. Regionalizing the suitability of strip intercropping for China, Germany 
and possible other regions with varied weather, soil, and especially irrigation conditions is also 


























Intercropping, growing two or more crops in association with one another, has been an 
important management technique throughout the history of agriculture (Vandermeer 1, 1989), 
yet it has become marginalized by the modern industrial system. With new calls for reform of the 
global agricultural system, it is essential that renewed study of this traditional technique be 
undertaken. The purpose of the present study is to empirically evaluate how plant growth and 
production are influenced spatially and temporally by row intercropping of maize and various 
vegetables.  
Gaining this data is essential for improving existing computer crop models such as the 
Decision Support System for Agrotechnology Transfer (DSSAT Foundation, 2011) software 
(version 4.5) to simulate strip-intercropping systems, thereby helping to evaluate different strip-
intercropping agricultural systems for farmers in the North China Plain (NCP). The NCP is the 
largest alluvial floodplain in eastern Asia, covering some 300,000 km2, and it produces some 
one-fifth of China’s food (Müller et al. 2009; Feike et al. 2010c, 272). At 1.34 billion people, 
China is the world’s most populous nation (U.S. Central Intelligence Agency 2011). With an 
escalating population comes the imminent need to achieve a more resilient food system in China.  
Mixed intercropping has been practiced in China for millennia (Chandler 1994; Li et al. 
2001; Knörzer et al. 2009). Although resource degradation must be addressed, there nevertheless 
remains the need to maintain the high levels of food production. Intercropping could help resolve 
this apparent contradiction, as it frequently generates higher yields per land area than 
monocropped areas (Jolliffe 1997; Zhang and Li 2003) due to better utilization of water (Walker 
and Ogindo 2003; Müller et al. 2009), nutrients (Li et al. 2001; Müller et al. 2009), and available 






et al. 2008; Feike et al. 2010a). For future agricultural development, it is important to consider 
not just the sheer agricultural output of a system, but efficiencies over generations (Vandermeer 
2011). Intercropping has the potential to reduce chemical inputs, better regulate soil erosion, and 
reduce nutrient leaching in soil 
solution, if the system is designed 
well (Wahua 1985; Whitmore and 
Schroeder 2007; Müller et al. 
2009). Agricultural monocropping 
in the NCP needs to be revised in 
the face of environmental 
sustainability, income security for 
farmers, and nutritional diversity 
in rural NCP areas (Knörzer et al. 
2009). 
The NCP is characterized 
as a continental monsoon climate 
with average temperatures ranging 
from less than 0˚C in January to 
27˚C between June and August 
(figures 1,2) (Feike et al. 2010c, 
273). Annual rainfall in the region 
falls between 300 and 700 mm, 
with the 70% of precipitation 
Figure 1. Political map of China. Source: U.S. Central 
Intelligence Agency. The World Factbook. 2011. East & 
Southeast Asia: China. Washington, D.C. 
Figure 2. Satellite image of East Asia with the NCP 
highlighted with a red oval. Notice the limited fertile 
land area for additional agricultural expansion in the 
region; the western region is mountainous and largely 
impractical for agricultural use. Source: NASA. NASA’s 








falling in the summer months (Müller et al. 2009). Farmers widely use irrigation to extend the 
growing season between October and April (Müller et al. 2009; Feike et al. 2010c, 273), but this 
leads to water and land resource degradation (Dazhong et al. 1992). These climatic data were 
collected at The Quzhou Experimental Station, located in the Handan city region, Hebei 
province, at 36˚52’ N latitude, 115˚0’ E longitude. Common crops in the NCP include wheat, 
maize, cotton, and fruits and vegetables (Feike et al. 2010c, 273). 
By testing parameters such as species and cultivar selection for intercropping with maize, 
as well as strip width arrangements in a monocrop setup, we can theoretically study how the 
rows of maize plants would modify the microclimate of a neighboring vegetable crop. Locally 
important vegetable crops in the NCP include bush bean (Phaseolus vulgaris L.) and Chinese 
cabbage (Brassica campestris L. ssp. pekinensis). Knowing the physiological adaptations of the 
neighboring plant to a modified microclimate from the growth of the maize plants allows us to 
model the vegetable plant response in terms of biomass yields.  
The motivation for this study is based on the trend of increasing rural-urban migration 
from the NCP to nearby cities like the capital, Beijing, due to higher urban wages; this leads to a 
scarce agricultural labor market in rural areas (Feike et al. 2010b, 2149; Feike et al. 2010c, 272; 
Munz et al. 2011, 268). In light of severe land and water resource degradation in the NCP 
(Dazhong et al. 1992), there is an imminent need for agricultural systems that are 1) more 
sustainable than existing systems and 2) sufficiently productive in terms of crop yield. In the past 
decade, vegetable production was extended largely in the NCP, further degrading environmental 
resources, due to high inputs of water and nutrients (fertilizers) associated with intensive 
vegetable systems (Feike et al. 2010c, 273). Agricultural intercropping can increase water and 






2010b, 2150), and reduce pest pressure in the system (Feike et al. 2010b, 2149; Feike et al. 
2010c, 273). There are few international research programs established to understand and 
address NCP food security (Knörzer et al. 2009), and serious consideration must be placed on the 
current state of the Chinese food system. 
The land area devoted to intercropping in China is the largest in the world, with between 
28 and 34 million ha of annually sown area, and only about 16% of Chinese land area is arable 
(Knörzer et al. 2009). Expanding agricultural land area is a tremendous challenge, as existing 
NCP land is severely degraded, due to an overuse of water and fertilizer resources, creating 
substantial groundwater depletion and eutrophication of water resources (Dazhong et al. 1992; 
Whitmore and Schröder 2007; Feike et al. 2010c, 273). Further, Chinese farmers are unable to 
increase the size of their farms, due to restricted land-use rights (Knörzer et al. 2009). The 
notions of intensifying agricultural production while minimizing environmental risk are 
seemingly mutually exclusive; intensive systems generally require higher inputs of water and 
nitrogen fertilizer, which aggravate – not alleviate – environmental degradation (Dazhong et al. 
1992).  
Part of the solution to combatting environmental degradation while adjusting to the NCP 
socioeconomic situation might result from the improvement of existing Chinese intercropping 
systems (e.g. maize-wheat, maize-chili, cotton-onion), and/or the development of new strip-
intercropping systems. Strip intercropping means simultaneously cultivating two or more crops 
in different strips, wide enough to allow for independent cultivation, but narrow enough so that 
the crops can interact biologically (Vandermeer 1989). Strip intercropping agricultural systems 
with a component of mechanization have the potential to compensate for labor scarcity. 






manual labor than has historically been possible. Tractors and other agricultural machinery allow 
fewer farmers to produce the same amount of food. Strip intercropping offers similar benefits of 
traditional intercropping systems and allows for mechanization, unlike traditional Chinese 
systems. This study focuses on testing the effects of various maize plant arrangement scenarios 
on maize growth grown in strips and the modification of the microclimate of a neighboring plant 
by the maize strips. The study was conducted in Stuttgart, Germany, and it is intended to guide 
agricultural practices in the NCP.  
Study Objectives and Hypotheses 
 
We hope to determine a quantitative relationship between maize strip width, maize 
cultivar, and intercepted solar radiation to a theoretical neighboring crop. The study is conducted 
in a monocrop fashion in which all plants are maize. With these relationships, we hope to 
identify the most important parameters for the optimal choice of strip width (number of maize 
rows) and maize cultivar (plant height, leaf angle, leaf area). The overall system productivity 
depends largely on the quantity of transmitted radiation to a neighboring crop (due to 
aboveground competition for light). 
Second, we aim to provide data on plant yield parameters in a monocrop setup to aid 
further studies regarding vegetable strip intercropping. We hope to gain a more refined 
perspective of how different maize cultivars perform across a monocrop strip (border rows 
1,2,9,10 versus middle rows 5,6). We ask if the border rows exhibit reduced height growth, due 
to the less intraspecific light competition. Does less light competition in the border rows lead to 
increased yields? If so, why? For this purpose, yield components (kernel number, kernel weight 
and number of cobs per plant) will be compared to determine the growth stage at which plant 






considering a theoretical strip intercropping system (Lesoing and Francis 1999; Andrade et al. 
2000). The land equivalent ratio criterion is often used to compare the relative effectiveness of 
intercropping versus monocropping (Vandermeer 75, 2011). Innis (1997) found that, in nearly all 
international studies using the LER criterion, intercropped species overyielded their 
monocropped counterparts. We will only compare 
the border rows with the middle rows in this 
study, though, because we can only compare the 
individual maize rows. The main hypothesis 
behind the experiment is that intercropping of 
Chinese cabbage and bush bean with maize can 
significantly increase land use efficiency, 
compared to monocropping of the plants 
individually. 
Another component to this study is 
modeling maize plant growth (focusing on plant 
height increment) and its impact on the radiation 
regime for the adjacent vegetable crop on an 
hourly scale with R software (R Foundation for 
Statistical Computing, 2011) using the black box 
approach. The black box approach involved assuming the maize plant height is the height of a 
black wall, meaning no radiation is transmitted through the strip (Pronk et al. 2003). We used an 
average height across the strip to see if only the height of the first border row has a significant 
influence, especially for higher sun elevation settings. Because of the complex interactions 
Figure 3. The effect of maize row 
position on final yield for a six-row strip. 
Data are expressed as a percent of yields 
generally observed with monocrop maize 
arrangements. Source: Data from Cruse, 
Richard M. 2008. Strip Intercropping: A 
CRP Conversion Option | Conservation 
Reserve Program: Issues and Options. 











inherent in the intercropping system, modeling is a central component of the research; we can 
then better understand the various interactions and attempt to optimize the balance between 
temporal and spatial resource demand and usage of the crops through computational modeling. 
Another component might be to use weather data from Ihinger Hof experimental station to 
correlate with plant height, specifically growing degree days (base temperature 8˚C), but this was 
not included in in the study. Finally, we determined shadow and day length using R, meaning the 
time of the day that crops are not shaded, depending on location (latitude/longitude), maize plant 
height, and distance to the maize strip. 
Our hypotheses in the study are as follows. We predict a greater crop yield for maize in 
the first two border rows in a strip setup (figure 3) (Cruse 2008, 2) and decreased yield for a 
theoretical neighboring crop due to the shading effects of maize. Previous studies have found 
that the first two rows of Chinese cabbage and the first row of bush bean experience decreased 
yields (Munz et al. 2011, 269; Müller et al. 2009, 2). Second, we presume that plant height is 
quantitatively the most important parameter that determines the amount of transmitted radiation 
to a neighboring crop, assuming leaf area index (LAI) does not differ much between cultivars 
and leaf angle has a minor effect.  
We presume there will be no change in the amount of transmitted radiation to a 
theoretical neighboring vegetable crop above a certain strip width (assume > 4 rows) (Munz et al. 
2011, 269). We expect an increasing final plant height of maize plants per row with additional 
rows, and we infer that the maize intercepts more light next to the first row of a neighboring 
crop, meaning more solar radiation is available further from the maize (Carena and Cross 2003). 
We will also investigate the final yield parameters for the maize cultivars, in order to suggest 






deemed suitable for a particular arrangement in the NCP (e.g. transmits adequate radiation to the 
neighboring crop), it must also have a high yield. Otherwise, the crop combinations would not be 
appropriate for farmers in the NCP. 
My research mentor in Germany was Sebastian Munz, a PhD student at the Institute of 
Crop Science at the University of Hohenheim. The research project is part of Sebastian’s PhD 
dissertation research, “Optimization of Intercropping Systems in the North China Plain: Field 
research and Modeling.” Parallel experiments were conducted in the NCP through a joint 
partnership with the China Agricultural University, in Beijing. The research project in Germany 
is part of the so-called “International Research Training Group” (IRTG) on sustainable resource 
use in North China, which is a team of international PhD students at the University of 
Hohenheim from five countries. The IRTG was established in 2004, and the program has funding 
through 2013; it was established through the Deutsche Forschungs-gemeinschaft (DFG) and the 
Chinese Ministry of Education at the University of Hohenheim, and it partners with The China 
Agricultural University, in Beijing.  
The results from the German experiments are translatable to Chinese farmers due to the 
DSSAT software, a computer-modeling program that standardizes results for varied growing 
conditions. At its current state, DSSAT software is limited to agricultural monocropping 
applications. Due to the myriad of potential crop combinations, as well as the available spatial 
and temporal arrangements, there is tremendous potential to optimize existing Chinese 
intercropping systems. Field experiments that evaluate every possible arrangement and crop 
combination would be unrealistically time and labor-intensive, so computer modeling is seen as a 
pivotal tool to optimize these systems. This project fits within the broader aim of Sebastian’s 






fertilization levels, and irrigation treatments, in order to test the suitability and optimize strip-




I traveled to Stuttgart, Germany, 
from May 15 through August 7 and 
conducted research at the University of 
Hohenheim. The study site is located at 
“Ihinger Hof” experimental field station in 
the southwestern German city of Renningen 
(see figures 4,5). Ihinger Hof is located at 
48˚45’ N latitude, 8˚56’ E longitude, and 
approximately 400 m above sea level 
(Boehmel et al. 2008). In 2011, Ihinger Hof field station 
received a total precipitation of 417.8 mm, and the 
average temperature was 13.39˚C (collected at a height 
of two m) from the beginning of March through October, 
which was the total maize growth period. The study site 
is characterized as a silty-clay-textured Haplic Luvisol 
with an upper layer of loess. The soil total nitrogen (Nt) 
and total carbon (Ct) levels of dry soil in spring 2004 
were 0.92% to 1.07%, and 0.10% to 0.11% respectively 
(Boehmel et al. 2008). 
Figure 5. Political map of 
Germany. Renningen is indicated 
with a circle. Source: U.S Central 
Intelligence Agency. The World 
Factbook. 2011. Europe: Germany. 
Washington, D.C. 
 
Figure 4. Ihinger Hof experimental station in 
Renningen, Germany. Research site is 
indicated with a red circle. Source: Google 
Maps. http://maps.google.com/ (accessed 






Experimental Design and Field Preparation 
 
 
Figure 6. Experimental design. Each treatment represents a maize cultivar. From East – West: 
Lapriora, NK-Ravello, Amagrano. The experiment is arranged such that each treatment has the 
same dimensions, but there are no repetitions for each maize cultivar treatment. 
 
The experimental design consisted of growing three different cultivars of maize in crop 
arrangements that vary with the number of rows per strip (see figure 6). There were three 
treatments – one for each cultivar – and each one had strips of 2, 4, 6, 8, and 10 maize rows (see 
figure 6). Because of practical purposes (machine sowing) initially, each plot consisted of one 40 
m strip with 10 maize rows. After emergence, we removed the additional maize plants to create 
the experimental arrangement of strip widths. The cultivars were: Lapriora (KWS SAAT AG, 






(Syngenta Seeds GmbH, Bad Salzuflen, Germany). Each cultivar has a characteristic 
morphology, which is important for deciding which vegetable species would be appropriate next 
to the maize in a strip intercrop setup. Lapriora has a reduced plant height, fast growth, and very 
early maturation; NK-Ravello has increased plant height and more erect leaves; and Amagrano 
has a normal shape, meaning Amagrano should be tallest. All cultivars are short season (early 
maturing) types. 
The strips were oriented North-South, which is suitable for high latitudes to exclude 
shading to a neighboring crop during the greatest solar irradiance at noon. We realize that this 
experimental design has no controls, and that there are no repetitions for the maize cultivars, but 
we assumed that the repetitions were representative of how all maize cultivars would perform 
under these conditions. While this may violate fundamental statistical assumptions about the 
validity of the data, we decided that this experiment would at least provide data on plant yield 
parameters in a strip cropped maize setup, thereby guiding future studies regarding vegetable 
strip intercropping.  
In order to determine the effects of maize plant shading on an adjacent crop theoretically, 
we took measurements regarding maize plant growth and solar radiation regime. To record plant 
growth, we took weekly measurements of plant height, plant width, number of wilt & green 
leaves, the number of cobs, leaf angle, and leaf area. These measurements also indicated the 
stage of plant growth (BBCH). The BBCH scale is used to determine the degree of phenological 
development in a plant species (Lancashire et al. 1991). We also took weekly measurements of 
photosynthetically-active radiation (PAR). We measured leaf angle distribution on maize plants 






Before establishing the experiment at Ihinger Hof station, the study site underwent a 
series of preparations. On April 18, 160 kg N*ha-1 Urea (46% N) was applied and incorporated 
with a rotary harrow to a depth of 15 cm. Potassium and Phosphorus were not applied due to a 
high degree of soil fertility. The three maize cultivars were sown on April 26 with a density of 
85,000 seeds*ha-1 at a row distance of 75 cm. The herbicide product “MaisTer” was applied to 
the maize plants on June 16 (6-leaf stage [51 days after sowing]) at a concentration of 1.5 L*ha-1 
diluted in 340 L*ha-1 H20.  
Destructive measurements 
 
Destructive measurements were taken on July 20 and October 18 [85 and 175 days after 
sowing], respectively. July 20 was the maize silking stage (BBCH 65), taken at 1m2 intervals (1 
row*1.33 m); October 18 was the final harvest date (BBCH 89), taken at 2m2 
intervals (1 row*2.66 m). At silking, total dry matter and LAI were determined. 
LAI of three plants per 2m2 sample were measured with a LI-3100 Area Meter 
(LI-COR Biosciences, Lincoln, Nebraska, USA). At physiological maturity, 
total dry matter, grain yield, and thousand-kernel weight were determined. Plant 
samples were dried to constant weight at 70˚C in a Heraeus UT 3 oven 
incubator (Thermo Fisher Scientific, Waltham, USA). 
The weekly measurements described above were conducted by starting 
from the strip with two rows. We measured five 
consecutive plants in the first and second rows. Then, 
we measured five consecutive plants in the first and 
second rows in the strips with four rows. For the six, 
Figure 7. Indication of selected 
maize plants (in red) for weekly 
measurements. Measurements were 







eight, and ten row sections, we measured the first and second rows, as well as the middle rows 
(third, fourth, and fifth rows, respectively) (see figure 7).  
Radiation Measurements 
 
Figures 14 and 15 display the results of the continuous PAR measurements. These 
measurements could be used to check the shadow length calculations in our computer model 
(discussed later). The PAR measurements were taken with a PAR/LE Line 30 cm PAR sensor 
(Solems, S.A., Palaiseau, France), calibrated with a LI-190 SL Quantum Sensor (Li-Cor 
Environmental Division, Lincoln, Nebraska, USA). Measurements were taken every 10 seconds 
and logged as an average of 1 minute with a CR23X Micrologger (Campbell Scientific, Inc., 
Logan, Utah, USA). Measurements were taken on June 28 [63 days after sowing] for Lapriora 
and June 29 [64 days after sowing] for NK-Ravello and Amagrano. Both days were clear and 
sunny. The results of the continuous PAR measurement plots were conducted by plotting the 
results in Excel into a time-series graph. The spreadsheet recorded contained values for PAR 
measurements within each cultivar at various distances from the maize plants (2 rows 0.5 m; 2 
rows, 1 m; 4 rows 0.5 m; 6 rows 0.5 m; 8 rows 0.5 m; 10 rows 0.5 m). The PAR sensors were 
established to the West in the morning hours (9 am  - 1 pm) and to the East in the afternoon (1 
pm – 8 pm).  
To calculate maize-plant intercepted solar radiation, we also measured PAR in each 
cultivar with a linear PAR ceptometer (Model AccuPar LP-80, Decagon Devices, Pullman, WA, 
USA). The measurement protocol for July 4 [69 days after sowing] was taking an open-air PAR 
value, followed by three to five measurements in the middle rows of maize (5 and 6), followed 
by a final open-air measurement. The ceptometer could also calculate LAI (see table 3). By 






be a single value by averaging them. This measurement protocol enabled us to calculate 
intercepted radiation, as well as LAI. On July 5; BBCH 16 [70 days after sowing], we also took 
open-air PAR values away from crops, then five values adjacent to the maize plants (60, 110, 
260 cm distances, denoted by blue markers), followed by another open-air value at end of the 
row. We pressed enter after each measurement in this case, meaning each measurement was 
marked as a separate value in the ceptometer. 
Shadow length model 
 
We developed a computer model using R 
computer software to calculate the shadow length 
that maize plants cast on a theoretical neighboring 
crop; the model can be used for different locations 
globally (see Appendix A and figure 17). The 
model is based on one that Pronk et al. (2003) 
proposed, a simple approach that displays when a 
neighboring crop is- or is not shaded, depending 
on: 1) time and location, 2) maize plant height, 
and 3) distance to the neighboring crop (see 
figures 8,9,10). The model was adapted from an 
online R forum (Stack Overflow, posted January 
3, 2012). That code, in turn, was adopted from various sources (Walraven 1978; Michalsky 
1988, 1989; Spencer 1989). The model could integrate the height of the neighboring crop if an 
additional component were added; the higher a neighboring crop grows, the earlier it receives 
full incoming PAR. In its current version, the model contains the distances of the different rows 
Figure 8. Sky boundaries visible from 
various points in the intercropping setup 
described by Pronk et al. 2003. To the left 
is the inter-row space (view factor IPblack), 
and the right displays the view from 
inside a plant row with infinite LAI. H = 
plant height, W = plant row width, and P 
= bare path width. Source: Pronk, A. A., 
et al. "A Simple Method to Estimate 
Radiation Interception by Nursery Stock 
Conifers: A Case Study of Eastern White 
Cedar." NJAS - Wageningen Journal of 






in Sebastian’s strip intercropping system experiment, 
meaning the final output gets reduced to those 
distances. 
Traditional row crop systems tend to reduce 
intercepted canopy radiation because the leaves 
strongly shade one another and most of the 
incoming radiation falls onto the soil surface 
(Pronk et al. 2003, 281). Another assumption is that 
direct or diffuse solar radiation does not affect the 
average fraction of radiation intercepted; isotropy, 
or homogeneous radiance from the entire sky, is an often-
used assumption (Goudriann 1977, 1988). This becomes 
particularly important during cloudy days, when it is 
challenging to take continuous PAR measurements with 
consistent sky conditions. The Pronk et al. model can 
calculate the fraction of transmitted radiation by first 
considering the theoretical case of a so-called 
“black” row, where there is an infinite LAI value. 
This can be calculated with a known path width, 
plant row width, and plant row height. The so-
called “view factor” of the sky is the solar radiation 
level at a horizontal surface element of the path, 
divided by the radiation level above the canopy. 
Figure 9. The vertical projection of the 
“view factor” path. H = plant height, W 
= plant row width, and a1 and a2 are 
the inclinations of solar incident rays in 
the Earth’s normal polar coordinate 
system. The arrow on the left-most 
diagram points in the direction of the 
plant row. Source: Pronk, A. A., et al. 
"A Simple Method to Estimate 
Radiation Interception by Nursery 
Stock Conifers: A Case Study of 
Eastern White Cedar." NJAS - 
Wageningen Journal of Life 
Sciences 51.3 (2003): 283. Print. 
 
Figure 10. A possible experimental 
setup for measuring radiation 
interception, as described in Pronk et al. 
2003. P = bare path width, B = bare 
intra-row area, BP = bare area between 
B and P, W1 = plant width across the 
row, W2 = plant width in the plant row. 
1-4 = points where the radiation was 
measured. Source: Pronk, A. A., et al. 
"A Simple Method to Estimate 
Radiation Interception by Nursery Stock 
Conifers: A Case Study of Eastern 
White Cedar." NJAS - Wageningen 








The case of non-infinite LAI is when the plant row transmits radiation (no “black” row), which 
increases the level of IPblack. 
Data Analyses 
The data were analyzed with a combination of IBM SPSS Statistics19 and Microsoft 
Excel 2010 programs. Average maize final plant height at harvest was calculated in SPSS using 
an Excel dataset containing nine weekly measurements of maize plant growth (May 27 through 
July 25) at Ihinger Hof station [31 and 90 days after sowing, respectively]. 
The measurements were taken from ground-level to the tallest part of the 
maize plants. July 25 marks the period around which the maize plants cease 
stem elongation and begin to devote energy resources to silking and tasseling, 
which help the plant prepare for grain filling (BBCH 65). 
The other statistical analyses relied on a dataset that was compiled 
after the final maize harvest (October 18; BBCH 89 [175 days after sowing]), 
which contained eighteen 2m2 samples (six from each cultivar) and various 
measures of maize yield. The maize plants in border rows (1,2,9,10) and 
middle rows (5,6) were included in the final 
destructive measurement (see figure 11). The 
yield measures included the number of cobs per 
plant, the number of cobs per 2m2 area, the total 
dry matter of cobs (g*2m-2 area), thousand kernel weight, kernel number per plant, and dry 
matter of kernels (g*plant-1; g*2m-2 area; kg*ha-1). 
To determine the differences between maize yield in border rows and middle rows 
between cultivars, I ran a series of two-way ANOVAs in SPSS. I assigned the fixed factors to be 
Figure 11. Indication of selected maize plants 
(in red) for second destructive measurement. 
Yield measurements were taken for 2m2 







“Cultivar” and “Border_Middle,” and I changed the dependent variable (a parameter for final 
maize yield) for each repetition. I assigned “0” to the middle rows and “1” to the border rows; 
there were six cases for middle row values and twelve cases for border rows. 
 To assess the reliability of the data, I ran a series of Tukey nonadditivity tests in SPSS. I 
performed eight repetitions of the test by changing the items under consideration for each one to 
include each of the yield measures listed above. In each repetition, there were three valid cases 
under consideration and six items, or one value per row number (1,2,5,6,9,10). I chose to run the 
Tukey nonadditivity test because my dataset had only one observation per cell in at least two 
groups, meaning there can be no within-cell variation; no direct estimate of experimental error 
could be calculated (Winer 1971, 394). If the strictly additive model is appropriate in the Tukey 
test (no interaction effects), then the experimental error can be used as an estimate (Winer 1971, 
473-475). I set the significance level to α=0.25 to decrease the probability of having a type 2 
error (a low type 2 error means there is a low probability of using the additive model when it is 
actually inappropriate).  
RESULTS 
 Plant height was calculated for each cultivar on July 25: BBCH 65 [90 days after 
sowing], which can be considered the final plant height (see figure 12b). From tallest to shortest 
were Amagrano, NK-Ravello, and Lapriora. These data reflect the total aggregate average height 
of maize plants in every row for each treatment. Lapriora develops the fastest, so it has a higher 
plant height than NK-Ravello at an earlier stage (Figure 12a), but its final height is lowest at the 
silking stage, when the maize plants cease stem elongation (Figure 12b). Figure 13 indicates the 
same pattern for average cultivar height differences, as well as an overall trend of increasing 






does not hold for NK-Ravello in rows eight and ten, as well as Amagrano in row ten, the general 
pattern of increasing plant height with additional rows is consistent. Increasing plant density has 
been correlated with increased height, in terms of varying intraspecific competition for light 
(Carena and Cross 2003).  
a     b  
 
Figure 12. Average maize final plant height at two stages of maize development: (a) July 5 
BBCH 16 [70 days after sowing], and (b) July 25 (silking) BBCH 65 [90 days after sowing].  
 
The results from the continuous 
PAR measurements are included below. 
For every case (see figures 14,15), the 
incoming solar radiation values increased 
with time until midday (1 pm), and they 
decreased after midday until the end of 
the recording period (8 pm). In each 
measurement, the highest PAR reading 
Figure 13. Average maize final plant height at 
silking (July 25: BBCH 65) [90 days after 







was recorded for the 2 rows, 1 m treatment, meaning these treatments recorded the highest 
transmitted incoming solar radiation. The second highest transmitted PAR was observed for 
Lapriora in the 6 rows, 0.5 m treatment in both the morning and afternoon calculations (figures 
14a,b); NK-Ravello had the second highest transmitted PAR in the 2 rows, 0.5 m treatment 
(figure 15a); Amagrano was mixed and unclear, with either the 8 rows, 0.5 m, or the 2 rows, 0.5 
m treatments exhibiting the second highest transmitted PAR values (figure 15b).  
The lowest transmitted PAR values were observed in the 4 rows, 0.5 m and 8 rows, 0.5 m 
treatments for Lapriora in the morning (figure 14a), and the 8 rows, 0.5 m treatment during the 
afternoon (figure 14b). For NK-Ravello, the lowest PAR values were observed in the 4 and 8 
rows treatments at a 0.5 m distance (figure 15a). The lowest recorded transmitted PAR values for 
Amagrano were observed in the 8 rows, 0.5 m treatment (figure 15b). These mixed results are 
unclear, as we would expect the eight and ten row treatments to intercept the greatest amount of 





























Figure 14. (a) Lapriora continuous PAR measurement from 9 am until 1 pm on June 28 [63 days 
after sowing] and (b) Lapriora continuous PAR measurement from 1 pm until 8 pm on June 28. 
Average height for Lapriora was 171.20 cm, on average, for all rows. Straight lines in the graph 
between bulked measurements result from the time units: x-axis is in 100 units, but there are 
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4 Rows 0.5 m 6 Rows 0.5 m 





















Time (1 pm - 8 pm) 
2 Rows 0.5 m 2 Rows 1 m 
4 Rows 0.5 m 6 Rows 0.5 m 









Figure 15. (a) NK-Ravello continuous PAR measurement from 9 am until 1 pm on June 29 [64 
days after sowing]. Average height for NK-Ravello was 137.72 cm, on average, for all rows. (b) 
Amagrano continuous PAR measurement from 1 pm until 8 pm on June 29 [64 days after 
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Analysis of yield parameters and row number 
 
The results of the series of two-way ANOVAs run in SPSS, examining the effect that 1) 
maize cultivar and 2) the border/middle row distinction has on a given dependent variable (maize 
yield parameter), are included below. There was a statistically significant difference (p=0.022) 
between plants in border rows and middle rows in terms of the final cobs per plant parameter 
(border rows had a greater yield), while neither the maize cultivar nor the interaction between 
cultivar and the border/middle row distinction were significant (figure 16a and table 1). The 
same two-way ANOVA revealed a similar statistically significant difference between maize 
plants in the border and middle rows (border rows being greater) in terms of the number of maize 
cobs per 2m2 area of maize plants. The two other terms: 1) cultivar and 2) the interaction of 
cultivar*border_middle, proved to be non-significant factors in determining the number of maize 
cobs per 2m2 area of maize plants (figure 16b and table 1). 
There was a statistically highly significant difference between maize cultivars in terms of 
the weight (in grams) of the total dry matter of cobs per 2m2 area for maize (p=0.003). In order 
from greatest yield to least were Amagrano, Lapriora, and NK-Ravello. The other terms, 
border_middle, and cultivar*border_middle, did not yield statistically significant results in terms 
of maize cultivars in terms of the weight (in grams) of the total dry matter of cobs per 2m2 area 
for maize (figure 16c and table 1). In terms of total thousand kernel weight for maize plants, 
there was a statistically significant difference between maize cultivars (p=0.022). In order from 
greatest to least thousand kernel weights were Amagrano, NK-Ravello, and Lapriora. The other 
terms, border_middle and cultivar*border_middle yielded non-statistically significant results 






For the dependent variable of total kernel number per plant for maize, there was a 
statistically highly significant difference between maize cultivars (p=0.001). In order from 
greatest final kernel number per plant to least were Amagrano, Lapriora, and NK-Ravello. The 
other terms (border_middle and cultivar*border_middle) yielded results that were non-
significant (figure 16e and table 1). There was a statistically highly significant difference 
between maize cultivars in terms of total dry matter of kernels (in grams) per maize plant at 
harvest time (p=0.000). In order from greatest yield to least was Amagrano, Lapriora, and NK-
Ravello. The analysis also revealed non-statistically significant results for the terms 
border_middle and cultivar*border_middle in terms of total dry matter of kernels per maize plant 
(figure 16f and table 1). 
There was a statistically highly significant difference between maize cultivars in terms of 
final dry matter of kernels (in grams) per 2m2 area for maize plants at harvest. In order of 
greatest yield to least was Amagrano, Lapriora, and NK-Ravello. The other terms, border_middle 
and cultivar*border_middle proved to be non-statistically significant (table 1). There was a 
highly significant difference between maize cultivars in terms of total dry matter of kernels (in 
kg) per 1 ha area of maize plants (p=0.000). In order from greatest yield to least were Amagrano, 
Lapriora, and NK-Ravello. However, the other factors (border_middle and 
cultivar*border_middle) yielded non-statistically significant results (table 1). The yield 
parameters of final dry matter of kernels (grams) per 2m2 area and total dry matter of kernels 
(kg) per 1 ha of maize were included in table 1 for completeness, but they will not be discussed 

























Table 3. LAI values for maize plants on July 25, the silking date: BBCH 65 [90 days after 
sowing]. 
Row Number Lapriora NK-Ravello Amagrano 
4 3067.67 3986.00 4207.67 
5 3037.67 3763.67 3846.00 
6 3336.33 4234.00 3932.00 
7 3128.00 3665.00 3271.67 
Average [LA*plant-1] 3142.42 3912.17 3814.33 
LAI [cm2] 26710.54 33253.42 32421.83 
LAI [m2] 2.67 3.33 3.24 
 
 Table 3 indicates the calculated LAI for maize plants in different rows at the silking stage 
(July 25; BBCH 65). Lapriora has the lowest LAI value for the m2 calculation, followed by 
Amagrano, and then NK-Ravello (see table 3). From figure 14, we observed that Lapriora 
transmitted the most radiation in the 2 row systems for all hours measured. We also saw that NK-
Ravello had the second-highest PAR transmittance in the 2-row system, and that Amagrano 
probably had the least PAR transmittance (figure 15). PAR transmittance and LAI are intricately 
correlated, as a larger leaf area index implies that less radiation would be transmitted to the 
neighboring crop, as the maize plant is absorbing the incoming solar radiation.  
DISCUSSION 
Maize Morphology 
The finding that Amagrano had the tallest final average plant height, followed by NK-
Ravello and Lapriora is consistent with the expected morphologies of these plants: Lapriora had 
a reduced plant height, NK-Ravello had an increased plant height, and Amagrano had a normal 
shape (meaning it was expected to have the greatest final height). The finding that average plant 
height increases with row number is consistent with previous research, which suggests that an 
increasing plant density for maize plants drives the different plant heights among varying row 
numbers: higher planting densities have taller final maize plant heights, due to varying 






plant density means a larger number of rows per maize strip, or the actual planting density is the 
same among all strips. Lapriora is a faster-developing cultivar, so it has an increased height 
earlier in the season (July 5: BBCH 16), which must be considered when thinking about 
competition for light with a neighboring crop. That is, the cultivar dependent height development 
depends on the number of growing degree days until a maximum height is reached. 
LAI differed greatly between Lapriora and the other maize cultivars (table 3). Lapriora 
had the lowest LAI values for the m2 calculation, followed by Amagrano and then NK-Ravello. 
This is important because, while Amagrano generally had the highest yield in the analyses, it 
also had the second-highest LAI index, meaning its leaves intercept the most solar radiation 
compared to the other maize cultivars. That is, while Amagrano maize plants on the border rows 
generally perform well in this experimental setup, we can infer that a neighboring vegetable crop 
would have decreased plant growth, due to the intense shading effects of the Amagrano plants 
with a high LAI index and plant height. 
Maize yield and yield components 
 Overall, there were not equivalent yields among maize cultivars. The statistically 
significant difference between border and middle rows in terms of the final number of cobs per 
plant and the final number of cobs per 2m2 area suggest that maize plants in the border rows have 
higher yields than maize plants in the middle rows (table 1). Cobs per 2m2 is included in the 
analyses for completion, although plant number differs between the 2m2 samples, and the yield 
depends largely on the plating density. Cobs per plant is a more generalized unit to compare to 
other agricultural experiments, so it is the most important yield component in this study. Cobs 
per plant is highly correlated with PAR around the silking stage (Andrade et al. 2000), so our 






be associated with its actual physiological advantages. It might be the case that a particularly 
cloudy or sunny period during maize silking could lead to these results. The kernel set of a 
second ear is only possible above a certain PAR threshold (e.g. the point when PAR is more than 
required for the kernel filling of the first cob). More cobs per plant is the principal finding of the 
yield components across all maize cultivars in this experiment, which is largely determined in 
the period of maize competitive advantage (Andrade et al. 2000).The remaining six of the maize 
growth parameters did not exhibit a statistically significant difference between maize plants 
grown in the border versus the middle rows (table 1). 
Lesoing and Francis (1999) found a similar result with a maize/sorghum and soybean 
strip intercropping setup: the border rows for the maize/sorghum had significant yield increases, 
but the soybean border-row yields were lower next to all maize and sorghum strips. The maize 
exhibited increased seed number and seed weight, and the grain sorghum exhibited increased 
seed number. In each setup, the researchers found that resource competition occurred for maize 
during the plant reproduction and grain-filling stages. They concluded that strip intercropping 
had a 4% higher whole-system productivity than the accompanied monocultures, meaning strip 
intercropping can be equally profitable to monoculture (Lesoing and Francis 1999).  
In terms of the differences in final maize plant yield parameters between cultivars, 
Amagrano is the best performing cultivar. In every two-way ANOVA repetition in which there 
was a statistically significant difference between cultivars in terms of maize yield, Amagrano had 
the highest yield (table 1). Highly statistically significant results for the total dry matter of cobs, 
total kernel number per plant, dry matter kernels per plant (per plant; per 2m2 area; per 1 ha) 
parameters indicate the sharp divisions between cultivars in terms of final maize yield. Further, 






kernel weight, with Amagrano yielding the greatest value at harvest (table 1). The second best 
performing cultivar in terms of final maize plant yield at harvest is Lapriora, with one exception. 
Lapriora was the second-best cultivar for the total dry matter of cobs, total kernel number per 
plant, dry matter kernels per plant (per plant; per 2m2 area; per 1 ha) parameters, but it was the 
lowest performing cultivar in terms of thousand kernel weight at harvest (table 1). Increased 
solar radiation in the border rows of maize might be the primary reason for the additional yield. 
While the maize plants would significantly shade a neighboring vegetable crop in an 
actual intercropping system, this would not necessarily directly decrease the vegetable crop 
yield. Munz et al. 2011 found that, at harvest, total dry matter of bush bean was increased in row 
two adjacent to the maize strips, compared to the middle row of the bush bean strips (268). Total 
dry matter was reduced the most, though, for bush bean in row one adjacent to the maize. 
Together, these results suggest a positive effect of slight shading on the bush bean growth, to a 
certain threshold where the reduced solar radiation significantly reduces plant growth (Feike et 
al. 2010a; Munz et al. 2011, 269). The researchers also found that above a strip width of four 
maize rows, the total amount of transmitted PAR does not further increase. This finding is 
consistent with our original hypothesis, although we found that above a strip width of 2 (not 4 
rows), there is no additional increase in shading for a vegetable crop. Munz et al. (2011) 
conclude that using a maize cultivar of reduced plant height and a strip width below six rows of 
maize optimizes the amount of transmitted radiation to the neighboring bush bean plants; it could 
improve bush bean plant growth in the first row adjacent to the maize (269). 
Although a two-way ANOVA would have been ideal to assess the relative differences 
between the total yields in different cultivars and within certain rows, I could not perform this 






fewer than two cases, so there could be no F statistic or p-value in the analysis. The Tukey test 
for nonaddivity revealed that there were two statistically significant results at the α=0.25 level 
for the dependent variables of cobs per plant and cobs per 2m2 area. Again, we are interested in 
the potential interaction between maize cultivar and row number on a given dependent variable 
(maize yield parameter). The Tukey test is useful because it addresses this very interaction.  
This leads to us rejecting the null hypothesis for two results, but retaining the null 
hypothesis for the remaining six results. Rejecting the null hypothesis means there is likely an 
interaction among the variables cultivar, row number, and a dependent variable (cobs per plant or 
cobs per 2m2 area). Retaining the null hypothesis means that there is no interaction among 
variables in the dataset (Winer 1971, 475). If no interaction effect is found, then all sources of 
variation other than the main effects are thought to be part of the experimental error (Winer 
1971, 394). When an interaction effect is found, it might be considered a measure of 
nonadditivity of the main effects.   
Study limitations 
 
The results of this study are intended to provide data to aid the design of future vegetable 
strip intercropping studies, and this experimental design has numerous limitations. Again, the 
fact that we only had one treatment per cultivar means that proper statistical analyses cannot be 
performed, in the sense that there are no controls or repetitions in the study. Further, we did not 
take very many solar radiation measurements during the summer next to the maize cultivars. 
This means it was difficult to correlate plant height and solar radiation regime with a high degree 
of certainty (although we could use the black box approach to calculate the shadow boundaries 
for every possible maize plant height). Another limitation was that it was difficult to describe the 






record leaf angle distributions for every leaf on selected maize plants, and we tried analysing leaf 
angles with GIMP2 photo analysis, but there were no significant differences between cultivars. 
We conclude that leaf angle has a much lower influence on transmitted solar radiation than both 
plant height and LAI as confirmed by Boote et al. (1994, 1425).  
Other limitations relate to the physical development of the maize plants during the 
growth period. Ihinger Hof received remarkably low rainfall during the critical period of maize 
development (the bracketing-silking stage), which undoubtedly affected the maize plant growth 
(61.6 mm precipitation in July). Andrade et al. 2000 noted that the bracketing silking stage in 
maize plant growth is the most important period when considering plant stresses, with kernel 
number being an especially crucial yield parameter. An important consideration is that the 
performance of border plants depends highly on water availability (if nutrients are not limited). 
That means rainfed systems are only suitable in areas with sufficient rainfall to actually use the 
increased incoming radiation. That is, this experimental design may not be suitable for all 
locations, especially those with erratic rainfall. In China, though, the intercropping system works 
better than in Stuttgart because the farmers irrigate the neighboring vegetable crop; the maize in 
the border row can readily absorb water to use additional incoming PAR for an increased yield.  
Further, the maize kernels in our experiment were not sown with outright precision. A 
by-product of using a pressurized tractor sowing system was that there was actually more than 
one plant per space in certain maize rows. This has obvious consequences for intraspecific maize 
plant competition, so perhaps taking the average of rows five and six would have been desirable 
than considering each row to be uniform. Another limitation was that any niche differences 
between intercropped plants that may have existed in a real intercrop system would have been 






combination produce better than either in monoculture (Vandermeer 2011). Measuring PAR and 
LAI were also a challenge, as ideal measurement conditions are when the sky is either 
completely clear or completely cloudy. Although we did our best to take measurements under 
homogeneous conditions, heterogeneous conditions tend to lead to non-representative PAR and 
LAI measurements. 
Implications for Chinese food security 
Concerned with food security and a growing populace, Chinese agricultural policy has 
largely focused on improving production and crop yields during the last few decades (China 
Statistical Yearbook 2008). Although leading to higher agricultural production per land area, 
these so-called improvements are largely attributed to higher levels of inputs such as synthetic 
fertilizers, irrigation water, and plant protection (Hebei Statistical Yearbook 2008). Critics warn 
that these high-intensity cultivation systems have reached their maximum potential in terms of 1) 
future increases in crop yields with higher input levels and 2) the environment’s capacity to 
sustain such systems (Feike et al. 2010b).  
While breeding better cultivars and developing improved agricultural systems can further 
increase yields, merely increasing input levels has begun to lose its effectiveness. Some of the 
most salient consequences of such a system are depleting groundwater tables (Jia et al. 2002), 
loss of topsoil through erosion (Chen 2007), and accumulating levels of chemical runoff into 
ground- and surface waters (Li et al. 2009). Further, this high-input, intensive agriculture has led 
to significant losses of arable land (Dazhong et al. 1992; Brown 1995; Chen 2007), which could 
greatly impact future generations’ capacity to produce a sufficient quantity of food. 
The labor market in China took a dramatic turn in the 1980s with bold market reforms. 






families, and re-structured the labor force (Feike et al. 2010b). The latter is directly related to the 
observation that the farming area under intercropping cultivation has declined in the past two 
decades. Many workers sought out employment in the industrial and construction sectors, largely 
abandoning farm work (Hebei Statistical Yearbook 1999-2008).  
Researchers have demonstrated that the abundance of small machinery on North China 
Plain (NCP) farms has drastically increased, while that of medium & large machines has steadily 
increased, suggesting a shrinking agricultural workforce per land area (Hebei Statistical 
Yearbook 1999-2008; Feike et al. 2010b, 2153). Due to limited off-farm opportunities for 
income, then, intercropping is most common in remote, rural regions (Feike et al. 2010b). One of 
the primary obstacles to maintaining intercropping systems in the NCP is in considering the 
variation between intercropping systems throughout the region. Reforms in the 1980s established 
the so-called household responsibility system, which divided quality agricultural land equally 
among households. This split the existing land plots into areas of about 0.07 ha each (Feike et al. 
2010b). While this increased biodiversity among plots – as different crops are typically grown in 
adjacent plots – it required additional labor. But as the agricultural workforce in the NCP 
continues to erode, land fragmentation is projected to decrease, inviting the possibility for larger-
scale machinery (Wan 2001).  
Farmer interviews conducted in the North China Plain indicate that motivations for 
maintaining an intercrop setup are numerous. Among them are that farmers want to optimize 
their land-use efficiencies, as agricultural production is often a family’s single income source, 
and each family owns less than 0.5 ha, on average (China Statistical Yearbook 2008; Feike et al. 
2010b). Farms in an intercrop setup are widely regarded as having fewer pest- and disease issues, 






environmental degradation. Also, intercropping can yield higher quality products, making it 
easier for rural farmers to meet export standards (Feike et al. 2010b). Another associated factor – 
though not widely cited among NCP farmers – is that of reduced crop failure through 
intercropping. Increased plant diversity means more resilience to external perturbations, whether 
erratic rainfall or disease outbreaks (Iqdal et al. 2007; Rao and Willey 1980).   
These improvements are not without their drawbacks, however. The most important 
aspect of a traditional intercropping system is that of high labor demand. There are two 
components to this factor. First, additional labor requirements for these systems are seen through 
a greater total time spent working in the field. Second, the systems require an increased 
specialization of labor, as workers must be careful to not damage a second crop when harvesting 
the first (Feike et al. 2010b).  
This study is embedded within the broader aim of evaluating whether or not 
intercropping of mixed vegetables in the North China Plain has the capacity to be at least as 
productive as highly-intensified, monocrop arrangements into the foreseeable future. Current 
estimates of intercropping in the NCP for land area under cultivation are five percent, which 
represents a severe drop since the mid-1990s, when the estimates were around thirty-three 
percent (Tong 1994; Feike et al. 2010b). That is to say, interest in maintaining traditional 
intercropping agricultural systems is undoubtedly losing ground, and the pivotal decisions that 
Chinese policymakers make today could make-or-break the future Chinese food system. 
Strip intercropping is a promising candidate, as it 1) maintains the efficiencies & strong 
yields of intercropping in the border rows and 2) can adapt to the shrinking workforce by 
allowing for increased mechanization. A reassuring sign that intercropping systems can be 






(Feike et al. 2010b). The two primary questions become whether farmers should adopt their 
systems to machines, or whether manufacturers should adopt agricultural machinery to the 
systems. Given the tremendous variability in NCP intercropping systems, it seems unlikely that 
the latter would be the case. Mass-production of machinery is the most economical for 
agricultural companies, and critics warn that the only systems that can substantially benefit the 
environment are those that are widely adapted (Feike et al. 2010b). 
CONCLUSION 
Recent research in China has focused primarily on agronomic advantages of 
intercropping, neglecting the connections between the socio-economic developments and 
farmers’ decisions in the fields. While improvements in pure agronomic output are an important 
component of a nation’s food policy program, they are certainly not a panacea. Planners should 
recognize that there are a myriad of other, perhaps equally important, components to a resilient 
food system, such as social cohesion, environmental sustainability, and cultural survival 
(Perfecto et al. 2009). Intercropping has the potential to compensate for the observed 
environmental degradation in the region, as well as the socio-economic shift towards urban areas 
from the NCP, but intercropping systems must be designed well, incorporating local demand for 
certain crops as well as climatic conditions in the region. 
The results of this experiment indicated that the larger number of cobs per plant is 
consistent across maize cultivars, suggesting the benefits of using hybrid varieties with strong 
prolificacy, especially in high solar radiation conditions, like the NCP, to increase the crop yield 
in the border rows. The highest yielding maize cultivar, Amagrano, also had the highest plant 
height during the growing season, as well as the second-highest LAI index, which complicates 






vegetable. While high yield is the primary concern in the systems, the strong maize shading 
characteristics would counteract the productivity of the neighboring crop. For future 
intercropping studies, improvement of plant growth modeling is essential to gain a deeper insight 
into temporal and spatial plant competition, thereby optimizing the systems. It is important to 
account for the interactions between the crops to optimize the overall system productivity. Our R 
code could be improved to include maize plant height in relation to growing degree days by 
linking the two codes, in order to use temperature data for other years and locations. 
Regionalizing the suitability of strip intercropping for China, Germany and possible other 
regions with varied weather, soil, and especially irrigation conditions is also essential for future 
agricultural planning.  
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Appendix A. R code and graphical output 
ShadowLength	  <-­‐	  function(year,	  month,	  day,	  hour,	  min,	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  pH,	  lat=48.46,	  long=8.56,	  raz=0)	  {	  
	  	  	  	  
	  	  	  twopi	  <-­‐	  2	  *	  pi	  
	  	  	  deg2rad	  <-­‐	  pi	  /	  180	  
	  	  	  sec	  <-­‐	  0	  
	  	  	  	  
	  	  	  #	  Get	  day	  of	  the	  year,	  e.g.	  Feb	  1	  =	  32,	  Mar	  1	  =	  61	  on	  leap	  years	  
	  	  	  month.days	  <-­‐	  c(0,31,28,31,30,31,30,31,31,30,31,30)	  
	  	  	  day	  <-­‐	  day	  +	  cumsum(month.days)[month]	  
	  	  	  leapdays	  <-­‐	  year	  %%	  4	  ==	  0	  &	  (year	  %%	  400	  ==	  0	  |	  year	  %%	  100	  !=	  0)	  &	  day	  >=	  	  	  60	  
	  	  	  day[leapdays]	  <-­‐	  day[leapdays]	  +	  1	  
	  	  
	  	  	  #	  Get	  Julian	  date	  -­‐	  2400000	  
	  	  	  hour	  <-­‐	  hour	  +	  min	  /	  60	  +	  sec	  /	  3600	  #	  hour	  plus	  fraction	  
	  	  	  delta	  <-­‐	  year	  -­‐	  1949	  
	  	  	  leap	  <-­‐	  trunc(delta	  /	  4)	  #	  former	  leapyears	  
	  	  	  jd	  <-­‐	  32916.5	  +	  delta	  *	  365	  +	  leap	  +	  day	  +	  hour	  /	  24	  
	  	  
	  	  	  #	  The	  input	  to	  the	  Astronomer's	  almanac	  is	  the	  difference	  between	  
	  	  	  #	  the	  Julian	  date	  and	  JD	  2451545.0	  (noon,	  1	  January	  2000)	  
	  	  	  time	  <-­‐	  jd	  -­‐	  51545	  
	  	  
	  	  	  #	  Ecliptic	  coordinates	  
	  	  
	  	  	  #	  Mean	  longitude	  
	  	  	  mnlong	  <-­‐	  280.460	  +	  0.9856474	  *	  time	  
	  	  	  mnlong	  <-­‐	  mnlong	  %%	  360	  
	  	  	  mnlong[mnlong	  <	  0]	  <-­‐	  mnlong[mnlong	  <	  0]	  +	  360	  
	  	  
	  	  	  #	  Mean	  anomaly	  
	  	  	  mnanom	  <-­‐	  357.528	  +	  0.9856003	  *	  time	  
	  	  	  mnanom	  <-­‐	  mnanom	  %%	  360	  
	  	  	  mnanom[mnanom	  <	  0]	  <-­‐	  mnanom[mnanom	  <	  0]	  +	  360	  
	  	  	  mnanom	  <-­‐	  mnanom	  *	  deg2rad	  
	  	  
	  	  	  #	  Ecliptic	  longitude	  and	  obliquity	  of	  ecliptic	  
	  	  	  eclong	  <-­‐	  mnlong	  +	  1.915	  *	  sin(mnanom)	  +	  0.020	  *	  sin(2	  *	  mnanom)	  
	  	  	  eclong	  <-­‐	  eclong	  %%	  360	  
	  	  	  eclong[eclong	  <	  0]	  <-­‐	  eclong[eclong	  <	  0]	  +	  360	  
	  	  	  oblqec	  <-­‐	  23.429	  -­‐	  0.0000004	  *	  time	  
	  	  	  eclong	  <-­‐	  eclong	  *	  deg2rad	  
	  	  	  oblqec	  <-­‐	  oblqec	  *	  deg2rad	  
	  	  
	  	  	  #	  Celestial	  coordinates	  
	  	  	  #	  Right	  ascension	  and	  declination	  
	  	  	  num	  <-­‐	  cos(oblqec)	  *	  sin(eclong)	  
	  	  	  den	  <-­‐	  cos(eclong)	  
	  	  	  ra	  <-­‐	  atan(num	  /	  den)	  
	  	  	  ra[den	  <	  0]	  <-­‐	  ra[den	  <	  0]	  +	  pi	  
	  	  	  ra[den	  >=	  0	  &	  num	  <	  0]	  <-­‐	  ra[den	  >=	  0	  &	  num	  <	  0]	  +	  twopi	  







	  	  	  #	  Local	  coordinates	  
	  	  	  #	  Greenwich	  mean	  sidereal	  time	  
	  	  	  gmst	  <-­‐	  6.697375	  +	  .0657098242	  *	  time	  +	  hour	  
	  	  	  gmst	  <-­‐	  gmst	  %%	  24	  
	  	  	  gmst[gmst	  <	  0]	  <-­‐	  gmst[gmst	  <	  0]	  +	  24.	  
	  	  
	  	  	  #	  Local	  mean	  sidereal	  time	  
	  	  	  lmst	  <-­‐	  gmst	  +	  long	  /	  15.	  
	  	  	  lmst	  <-­‐	  lmst	  %%	  24.	  
	  	  	  lmst[lmst	  <	  0]	  <-­‐	  lmst[lmst	  <	  0]	  +	  24.	  
	  	  	  lmst	  <-­‐	  lmst	  *	  15.	  *	  deg2rad	  
	  	  
	  	  	  #	  Hour	  angle	  
	  	  	  ha	  <-­‐	  lmst	  -­‐	  ra	  
	  	  	  ha[ha	  <	  -­‐pi]	  <-­‐	  ha[ha	  <	  -­‐pi]	  +	  twopi	  
	  	  	  ha[ha	  >	  pi]	  <-­‐	  ha[ha	  >	  pi]	  -­‐	  twopi	  
	  	  
	  	  	  #	  Latitude	  to	  radians	  
	  	  	  lat	  <-­‐	  lat	  *	  deg2rad	  
	  	  
	  	  	  #	  Azimuth	  and	  elevation	  
	  	  	  el	  <-­‐	  asin(sin(dec)	  *	  sin(lat)	  +	  cos(dec)	  *	  cos(lat)	  *	  cos(ha))	  
	  	  	  az	  <-­‐	  asin(-­‐cos(dec)	  *	  sin(ha)	  /	  cos(el))	  
	  	  	  cosAzPos	  <-­‐	  (0	  <=	  sin(dec)	  -­‐	  sin(el)	  *	  sin(lat))	  
	  	  	  sinAzNeg	  <-­‐	  (sin(az)	  <	  0)	  
	  	  	  az[cosAzPos	  &	  sinAzNeg]	  <-­‐	  az[cosAzPos	  &	  sinAzNeg]	  +	  twopi	  
	  	  	  az[!cosAzPos]	  <-­‐	  pi	  -­‐	  az[!cosAzPos]	  
	  
	  	  	  	  
	  	  	  #-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐Begin	  adapted	  code-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  
	  	  	  #	  shadow	  length	  
	  	  	  tanel	  <-­‐	  (1/tan(el))	  
	  	  	  SL	  <-­‐	  pH	  *	  tanel	  
	  	  	  ALP	  <-­‐	  az	  -­‐	  raz	  
	  	  	  	  
	  	  	  #ShadowLength	  perpendicular	  to	  the	  row	  (SLPe)	  
	  	  	  tanelsin	  <-­‐	  ((1/tan(el))	  *	  sin(ALP))	  	  
	  	  	  SLPe	  <-­‐	  pH	  *	  tanelsin	  
	  
	  	  	  #-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐End	  adapted	  code-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  
	  
	  	  	  	  	  	  	  
	  	  	  #	  here:	  backtransformation	  to	  degrees:	  
	  	  	  el	  <-­‐	  el	  /	  deg2rad	  
	  	  	  az	  <-­‐	  az	  /	  deg2rad	  
	  	  	  lat	  <-­‐	  lat	  /	  deg2rad	  
	  	  	  	  















#loop	  over	  one	  day	  
result	  <-­‐	  c()	  
for(h	  in	  5:16){	  
	  	  for(m	  in	  1:60){	  
	  	  	  	  result	  <-­‐	  append(result,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ShadowLength(year=2009,	  month=7,	  day=21,	  hour=h,	  min=m,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  pH=100,	  lat=46.5,	  long=6.5,	  raz=0)	  )	  
	  	  }	  
}	  
	  
#	  plot	  results	  of	  one	  day	  
plot(result,	  type="l",	  
	  	  	  	  	  ylab="Shadow	  length",	  
	  	  	  	  	  xlab="Minute",	  
	  	  	  	  	  lwd=2,	  col="darkblue")	  
	  
abline(v=60,	  col="red",	  lwd=2)	  
abline(h=0,	  col="red",	  lwd=2)	  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  
#	  loop	  for	  determining	  break	  point	  (shadow	  <	  60)	  
	  
#	  1.	  set	  variables	  
	  
#	  2.	  run	  loop	  
hresult	  <-­‐	  c()	  
mresult	  <-­‐	  c()	  
sresult	  <-­‐	  c()	  
	  
for(h	  in	  5:18){	  #	  loop	  over	  hours	  
	  	  for(m	  in	  1:60){	  #	  loop	  over	  minutes	  
	  	  	  	  	  
	  	  	  	  #	  intermediate	  result:	  
	  	  	  	  s	  <-­‐	  ShadowLength(year=2011,month=7,day=16,h,m,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  pH=230,lat=48.46,long=8.56,	  raz=0)	  
	  	  	  	  	  
	  	  	  	  hresult	  <-­‐	  append(hresult,	  h)	  
	  	  	  	  mresult	  <-­‐	  append(mresult,	  m)	  
	  	  	  	  sresult	  <-­‐	  append(sresult,	  s)	  
	  	  	  	  	  
	  	  }	  #	  close	  loop	  over	  minutes	  	  
}	  #	  close	  loop	  over	  hours	  
	  
result	  <-­‐	  cbind(hour=hresult,	  minute=mresult,	  shadow=sresult)	  
result	  
	  
#	  plot	  certain	  hour	  
plot(result[hresult	  ==	  5:16,'shadow'],	  
	  	  	  	  	  type="l",	  lwd=2,	  col="gray",	  xlab="Time	  (minutes)")	  
points(result[hresult	  ==	  5:16,'shadow'],	  







#	  reduce	  whole	  dataset	  to	  shadow	  <	  0	  
Zen	  <-­‐	  result[which(sresult	  <	  0),	  ]	  
#	  take	  the	  highest	  one	  of	  reduced	  set	  
Zen[which(	  Zen[,3]	  ==	  max(Zen[,3])),	  ]	  
	  
#	  reduce	  whole	  dataset	  to	  shadow	  <	  437	  
MORow1	  <-­‐	  result[which(sresult	  <	  437),	  ]	  
#	  take	  the	  highest	  one	  of	  reduced	  set	  
MORow1[which(	  MORow1[,3]	  ==	  max(MORow1[,3])),	  ]	  
	  
#	  reduce	  whole	  dataset	  to	  shadow	  <	  387	  
MORow2	  <-­‐	  result[which(sresult	  <	  387),	  ]	  
#	  take	  the	  highest	  one	  of	  reduced	  set	  
MORow2[which(	  MORow2[,3]	  ==	  max(MORow2[,3])),	  ]	  
	  
#	  reduce	  whole	  dataset	  to	  shadow	  <	  237	  
MORow5	  <-­‐	  result[which(sresult	  <	  237),	  ]	  
#	  take	  the	  highest	  one	  of	  reduced	  set	  
MORow5[which(	  MORow5[,3]	  ==	  max(MORow5[,3])),	  ]	  
	  
#	  reduce	  whole	  dataset	  to	  shadow	  <	  -­‐87.5	  
AFRow1	  <-­‐	  result[which(sresult	  <	  -­‐87.5),	  ]	  
#	  take	  the	  highest	  one	  of	  reduced	  set	  
AFRow1[which(	  AFRow1[,3]	  ==	  max(AFRow1[,3])),	  ]	  
	  
#	  reduce	  whole	  dataset	  to	  shadow	  <	  -­‐137.5	  
AFRow2	  <-­‐	  result[which(sresult	  <	  -­‐137.5),	  ]	  
#	  take	  the	  highest	  one	  of	  reduced	  set	  
AFRow2[which(	  AFRow2[,3]	  ==	  max(AFRow2[,3])),	  ]	  
	  
#	  reduce	  whole	  dataset	  to	  shadow	  <	  -­‐287.5	  
AFRow5	  <-­‐	  result[which(sresult	  <	  -­‐287.5),	  ]	  
#	  take	  the	  highest	  one	  of	  reduced	  set	  











Figure 17. R graphical output for casted shadow length perpendicular to maize rows. Parameters 
are set to the coordinates of Ihinger Hof station in Germany, for July 16, 2011. This could be 
adapted to fit the needs of farmers in other locations, as well as for different times of the year, 
varying maize plant heights, distance to the neighboring crop. The height of the neighboring crop 
could be included in the code, in order to determine the time at which the crop would receive full 
sun (taller plants would receive full sun earlier). 
 
 
 
 
 
 
